Background: Trunk neural crest cells migrate rapidly along characteristic pathways within the developing vertebrate embryo. Proper trunk neural crest cell migration is necessary for the morphogenesis of much of the peripheral nervous system, melanocytes, and the adrenal medulla. Numerous molecules help guide trunk neural crest cell migration throughout the early embryo. Results: The trophic factor NRG1 is a chemoattractant through in vitro chemotaxis assays and in vivo silencing via a DN-erbB receptor. Interestingly, we also observed changes in migratory responses consistent with a chemokinetic effect of NRG1 in trunk neural crest velocity. Conclusions: NRG1 is a trunk neural crest cell chemoattractant and chemokinetic molecule. Developmental Dynamics 247:888-902,
Introduction
Neural crest cells (NCCs) are transient, multipotent cells that delaminate from the neuroepithelium during early vertebrate embryonic development (Le Douarin, 2004; Baker, 2005) . Upon delamination, NCCs migrate large distances along specific pathways throughout the developing embryo until they reach their target locations (Bronner-Fraser and Fraser, 1991; Le Douarin and Kalcheim, 1999; Gammill and Roffers-Agarwal, 2010) . NCCs differentiate into a vast array of cell types throughout the body (Bronner-Fraser and Fraser, 1991; Baker, 2005) ; as such, their capacity to reach and recognize their proper target locations is critical for the accurate formation of numerous organ systems (Gammill and Roffers-Agarwal, 2010) . In light of the importance of NCC migration in development, understanding the mechanisms that guide NCC migration has been a subject of intense research for decades (Gammill and Roffers-Agarwal, 2010) .
Following delamination of NCCs in the trunk region of species including chicken and mouse, some migrate ventrolaterally starting from the dorsal portion of the neural tube (NT), then through the rostral sclerotome ventrally to form, among many derivatives, the dorsal root ganglia (DRG), the sympathetic ganglia (SG), and Schwann cells (Krull, 2001; Kasemeier-Kulesa et al., 2005; Gammill and Roffers-Agarwal, 2010 ) . Formation of the SG requires particularly distant migration to tissue lateral to the dorsal aorta. Along the ventrolateral route, trunk NCCs (TNCCs) migrate through permissive substrates such as fibronectin (FN) and laminin, and avoid areas containing Ephrin, F-spondin, Slit, and Semaphorin (Krull et al., 1997; Debby-Brafman et al., 1999; Perris and Perissinotto, 2000; de Bellard et al., 2003; Jia et al., 2005; Gammill et al., 2006) . However, TNCCs are not solely guided by chemorepulsion and permissive substrates. Some molecules have been reported to increase TNCC migratory velocity (de Bellard et al., 2003; Kasemeier-Kulesa et al., 2010) .
More recently, researchers have shown that certain molecules attract ventrally migrating TNCCs. Bone morphogenetic protein (BMP) signaling coordinates the production of stromal cellderived factor 1 (SDF-1) and Neuregulin-1 (NRG1) by the dorsal aorta, and this process is required to attract a subpopulation of early-migrating TNCCs to the site of SG formation Saito et al., 2012) . These data support trophic factor NRG1's role as a strong TNCC chemoattractant candidate, as migrating TNCCs express receptors for NRG1 (ErbB2 and -3), and NRG1 is expressed in tissues along the ventrolateral migratory route and gut mesenchyme (Meyer et al., 1997; Britsch et al., 1998; Dixon and Lumsden, 1999) . More important, mutant mice for Nrg1, erbB2, and erbB3 have severe hypoplasia of the trunk SG (Britsch et al., 1998) , and Zebrafish erbb mutants exhibit dramatic TNCC migration abnormalities (Honjo et al., 2008) . NRG1 has also been shown to act as a positive directional guidance cue for other cell types, such as interneurons and Schwann cells (L opez-Bendito et al., 2006; Cornejo et al., 2010) .
In the present study, we examine the function of NRG1 in vivo and an in-depth analysis of the specific role of NRG1 in TNCC migration with in vitro assays that dissect chemoattractant from chemokinetic effects. We provide in vivo evidence that ErbB signaling is necessary for DRG morphogenesis, and in vitro evidence that NRG1 is capable of modulating TNCC migration through short-range, substrate-bound, and longrange diffusible chemoattraction. Ultimately, we show the diverse mechanisms by which neural crest migration effects DRG morphogenesis, a process critical to the formation of the peripheral nervous system.
Results
TNCCs present in NT explant cultures exhibit a natural migratory polarity away from the NT (Davis and Trinkaus, 1981) . Chemokinesis is the process whereby a molecule applied symmetrically or asymmetrically promotes cell migration without influencing directionality. Chemotaxis is a process defined specifically by an asymmetrically applied molecule's ability to alter the directionality of migrating cells (Petrie et al., 2009; Muinonen-Martin et al., 2010) . Chemokinetic responses have been frequently confused with chemotactic ones (Zicha et al., 1991; Kuriyama and Mayor, 2008) , and some molecules may elicit both responses simultaneously (de Bellard et al., 2003; Kasemeier-Kulesa et al., 2010) . Migration persistence is the general tendency of a cell to not change direction when migrating, essentially the opposite of chemoattraction. Here, we present data that distinguish chemotaxis and chemokinesis responses to NRG1 as guidance cue for TNCCs' migration in NT explant cultures.
NRG1 Modulates TNCC Migration by Chemokinesis
We first evaluated the migratory response of isolated chick TNCCs to a gradient of NRG1a using a standard Boyden assay using also glial cell-derived neurotrophic factor (GDNF) and nerve growth factor (NGF) as positive controls (Boyden, 1962) . These two trophic factors had provided preliminary evidence of attraction or no response in TNCC, so we compared NRG1 with them. After a 5-hr incubation of isolated TNCC, we found a 3fold increase in transmigrated TNCCs toward NRG1a wells (-/þ) compared to control (-/-) or to NGF (Fig. 1A) , showing that TNCC exposure to NRG1a results in chemokinesis. To further look into the chemokinetic function of NRG1 in TNCCs, we cultured NTs in the presence or absence of NRG1 and tracked cells moving to compare distance and velocity of migration. We observed that TNCCs exposed to NRG1 migrated twice as far as (total displacement and Euclidean distance) and at twice the velocity of control cells ( Fig. 1B Fig. 1 . NRG1 can direct TNCC migration by chemoattraction and/or chemokinesis. A: Isolated TNCCs plated on Boyden inserts in the presence of different molecular gradients. Data is internally normalized to control. All gradients tested except NGF were significantly different from control (P < 0.05 by paired t-test; n ¼ circles on graph/experimental dates). Red line, 100% of control. B: Isolated TNCC plated on FN slides were filmed with or without 200 ng/ml NRG1. Total migrated distance and Euclidean distance were normalized showing increased migration after NRG1 treatment (P < 0.07 and P < 0.02 respectively; n ¼ 3 experiments, n of cells ¼ 86). C: Velocity of cells in B was measured, with NRG1-treated cells moving twice as fast as control cells (P < 0.017). D-I: NT explants cultured in Boyden chambers with an NRG1b gradient (-/þ), no NRG1b (-/-), or homogenous NRG1b (þ/þ). D-G: Representative HNK1 staining of chemotaxis filters showing a higher percent TNCCs on the bottom side in -/ þ vs. -/-chambers. Top of filter in focus (D,E); bottom in focus (F,G). H: Percent HNK1-positive and percent HNK1-negative transmigrated cells. n ¼ 7 experimental dates ( > 33 NT explants per treatment). P < 0.0001 for HNK1-positive-/-vs. -/ þ treatments, 1-tailed Dunnett's test. I: Combined TNCC density from top and bottom sample areas. All t-tests described; no multiple testing adjustments made. Bar graphs show means þ/-SEM. GDNF, glial cell-derived neurotrophic factor. Scale bar ¼ 25 mm. treatment). These findings confirm that NRG1 causes TNCC transmigration by chemokinesis.
DEVELOPMENTAL DYNAMICS
To further assess the chemokinetic and chemopersistent response of TNCCs to NRG1, Boyden chambers were again employed. Our goal was to examine 1) whether TNCCs would still demonstrate a migratory response when in NT explant culture (not isolated); 2) if a migratory response could also be elicited by NRG1b (as with NRG1a); 3) how TNCCs would respond to a longer duration of exposure to NRG1; 4) whether the TNCC response to NRG1 occurred only in the presence of an NRG1 gradient (vs. homogenous NRG1); and 5) whether any response would be specific to TNCCs (vs. adjacent cells in culture). We cultured NT explants instead of isolated cells directly in Boyden chambers for 18 hr, exposing migrating TNCCs to uniform NRG1b (þ/þ), an NRG1b gradient (-/þ), or control medium (-/-). We sampled the density of HNK1-positive TNCCs and HNK1-negative non-TNCC cells that transmigrated from the NT explants. The number of cells that remained on the top side in the same locations in the Boyden chambers were used for normalization. TNCCs transmigrated significantly more in -/ þ and þ/ þ compared with -/chambers ( Fig. 1D-H) , demonstrating a chemokinetic effect. No difference in HNK1-negative cell transmigration among treatments was observed within the same areas ( Fig. 1H ), indicates the migratory response observed was likely unique to TNCCs. Finally, the combined TNCC density from the top and bottom of the membrane in the same areas was nearly identical among treatments ( Fig. 1I ), underlying a mitogenic explanation for differences observed.
NRG1-mediated Chemoattraction of TNCCs
Next, we looked at the role of NRG1 as a chemoattractant for TNCC through live imaging, using a Zigmond chamber assay (Zigmond, 1977) modified for use with explanted TNCCs (Rovasio et al., 2012; Walheim et al., 2012) . This assay allowed us to address chemoattraction rather than chemokinesis alone. TNCCs were exposed to an NRG1a gradient (-/þ), no NRG1a (-/-), or homogenous NRG1a (þ/þ); migration was recorded for 3 hr. First, we found that 50% more TNCCs moved toward an NRG1a gradient (-/þ) compared with -/-or þ / þ conditions ( Fig. 2A) , showing a chemoattractive response to NRG1 by the live-imaged cells. We also found that the chemotaxis index, a parameter describing migratory persistence up a molecular gradient, for -/ þ chambers was higher than for -/-and þ/ þ chambers ( Fig. 2B ), again supporting a chemoattractive role for NRG1. By plotting mean migratory displacement for each movie on a Cartesian plane to a common origin (0, 0), we were able to observe that TNCCs predominantly moved toward NRG1a-loaded reservoirs in most -/ þ chambers compared to reference reservoirs of -/-and þ/ þ chambers ( Fig. 2C ). Correspondingly, TNCC displacement up an NRG1a gradient (along the x-axis) was greater than in -/or þ / þ treatments. We did not detect a significant difference in migratory velocity ( Fig. 2D ) or persistence under these conditions ( Fig. 2E ).
DEVELOPMENTAL DYNAMICS

Immobilized NRG1 Can Direct TNCC Migration
It is not known how NRG1 gradients form in the trunk of a developing chicken, nor whether they are membrane-bound or diffusible molecules (Lander et al., 2002; Wartlick et al., 2009) . Depending on the isoform, NRG1 may exist in vivo as a soluble ligand, or as an immobilized ligand associated with cell membranes or the extracellular matrix (Falls, 2003) . Our previous experiments employed diffusible, rather than immobilized, NRG1 molecules. Here, we developed an immobilized substrate choice assay for explanted NT cultures using enzyme-linked immunosorbent assay (ELISA) wells coated in specific areas with NRG1a or bovine serum albumin (BSA). NTs were cultured on coated areas so that emigrating TNCCs would be confronted with the border of the coat and either migrate across or remain within the coated region. We observed that TNCC stayed within the NRG1acoated area consistently more than on control area ( Fig. 3A-D) . When cultured in either 2.5% ( Fig. 3A ,C,E,G) or 5% ( Fig. 3B ,D,F) fetal bovine serum (FBS) medium, we found significantly fewer DEVELOPMENTAL DYNAMICS Fig. 3 . TNCCs prefer certain surfaces coated with NRG1a. A-G: ELISA wells were coated in specific areas with NRG1a (C,D,G) or BSA (A,B). NT explants were cultured within the coated region in media containing 2.5 % FBS (A,C,E,G) or 5 % FBS (B,D,F) to allow emigrating TNCCs to encounter the coat border. A-D: Fixed overnight cultures. Arrowheads depict areas representative of the amount of TNCCs that crossed to uncoated areas, with relatively fewer cells outside NRG1a-vs. BSA-coated areas; 5% FBS images enlarged to focus on representative areas. Black line, uncoated side of border; red line, coated side. E,F: Cell densities inside relative to outside of the border of each coat. Densities were lower immediately outside NRG1a-coated regions when controlling for densities immediately inside compared to BSA (P < 0.05 for 5% FBS wells; ANCOVA; n ¼ circles/individual well averages) (F). G: TNCC migratory paths following emigration onto an NRG1a-coated area (þ) from an 18-hr time-lapse movie. Paths are superimposed on the last frame. Paths of cells that lingered at the border and/or altered their trajectories to remain inside the border of the coat are red; black paths are from cells with no aversion to crossing (gray line marks the NRG1a coat border); (-), uncoated region. H-K: Microchip stripe assay. H: Microchip design with protein-coated lanes. I-K: TNCC suspension was plated on control (no coat), NRG1a, or NGF (control protein) lanes for 5 hr. Within this culture time, TNCCs were found predominantly on NRG1a lanes compared with control, and to a lesser extent on NGF (n ¼ 6 microchips). Scale bar ¼ 100 mm.
TNCCs outside NRG1a-coated areas compared to BSA-coated areas. To directly observe TNCC migratory preference for NRG1coated surfaces in the above assay, we filmed an NT explant cultured within an NRG1a-coated area for 18 hr. TNCCs clearly approached the border and did not migrate out of the NRG1acoated region ( Fig. 3G ), whereas those cultured in a BSA-coated area clearly migrated beyond the border of BSA coating (Fig.  3A,B ). We then added a second coat of BSA or FN uniformly across each entire well subsequent to applying the initial, localized NRG1a or BSA coat. Whether the NT explant was within the NRG1 or the BSA initial coating, the TNCCs migrated beyond the border more readily (Fig. 4) .
Another immobilized choice assay was adapted to isolated TNCCs, this time on microchips with precoated lanes of NRG1a, NGF, or mock ( Fig. 3H-K) . We observed 5 hr after plating that TNCCs had accumulated on NRG1a lanes in significantly larger proportions compared to mock control, and to a lesser extent on NGF lanes (Fig. 3I , shows sample from 1/5 experiments). A similar pattern was also observed the after 24 hr (data not shown).
The ErbB Inhibitor AG1478 Delays the Morphogenesis of TNCCs that Migrate Ventrally
If NRG1 serves a nonredundant guidance function during TNCC migration, inhibiting ErbB signaling in vivo should perturb normal migration. Although it is known that NCC express erbB receptors, we corroborated this by doing RT-PCR on cultured NCCs. Our results show that erbB2 and erbB3 are expressed in migrating cultured NCCs (Fig. 5 ). We had also corroborated expression of erbB4 by NCCs in a differential macroarray (Martinez et al., 2018) . We initially tested this hypothesis using AG1478 (Levitzki and Gazit, 1995) , a small-molecule ErbB inhibitor reported to affect Schwann cell and TNCC migration in Zebrafish (Lyons et al., 2005; Honjo et al., 2008) . AG1478 was injected into the yolk immediately underneath stage-HH13-14 chicken embryos (Hamburger and Hamilton, 1951) , a period rich in ventral TNCC migration. It is known that ventrally migrating TNCCs from different somite levels will eventually begin to mix by migrating rostrocaudally adjacent to the dorsal aorta (Kasemeier-Kulesa et al., 2005; Kasemeier-Kulesa et al., 2006) . Mixing proceeds at more rostral somite levels first, then more caudally as TNCCs ventrally migrate through newer somites. After inspection of HNK1-stained embryos treated with AG1478 for 22 hr, we decided to quantify the most caudal somite level where rostrocaudal mixing was identified for each embryo to assess the progression of morphogenesis of TNCCs that ventrally migrate ( Fig.  6A ). From this exploratory analysis, we found that at the highest concentration of AG1478 (0.75 mM), mixing was delayed almost two somite levels ( Fig. 6B,C) .
To verify that this response could be replicated, or potentially enhanced, we repeated these experiments using a higher DEVELOPMENTAL DYNAMICS Fig. 4 . TNCCs exhibit reluctance to migrate outside the NRG1a-coated region of an ELISA well. A NT explant (darker tissue) was plated within a region of an ELISA well precoated with NRG1a and filmed for 18 hr as TNCCs emigrated from the NT explant and were confronted by the coat border (red curved line). A-C: Numerous emigrating cells can be seen migrating freely outside a PBS area (arrows). D-F: Numerous emigrating cells can be seen excessively lingering near the NRG1a border and/or preferentially migrating to open spaces still within the NRG1-coated region not occupied by other cells before migrating outside the coated region (arrows).
Fig. 5.
TNCCs express erbB2 and erbB3. TNCCs from cultures were isolated and its RNA made into cDNA. RT-PCR was done with primers specific for erbB2 (white arrow) and erbB3 (black arrow). Control was GADPH. estimated yolk concentration of AG1478 (10 mM). After blinded analysis by two separate researchers, we found again that AG1478 was capable of delaying rostrocaudal mixing ( Fig. 6D ). Overall, our findings with AG1478 support an ErbB signaling during TNCC ventral migration.
TNCC Expression of a Dominant Negative erbB4 May Inhibit Ventral Migration
In order to corroborate our results with AG1478, we used an approach that more specifically examines the role of ErbB signaling in TNCCs. Here, we used a dominant negative erbB4 receptor (DN-ErbB4) (Rio et al., 1997) to silence ErbB signaling in ventrally migrating TNCCs by NT electroporation, a technique that is more cell-and temporal-specific than previous methods using mutant mice (Britsch et al., 1998; Garratt et al., 2000) .
We co-electroporated chicken NTs from HH13-14 embryos with plasmids carrying DN-erbB4 and/or a reporter expressing enhanced green fluorescent protein (EGFP). NTs of HH13-14 chicken embryos were co-electroporated in ovo with both a plasmid expressing DN-ErbB4 and a reporter plasmid expressing EGFP. Given each cell will randomly acquire different amounts of plasmid during electroporation, transfected cells will naturally express variable amounts of plasmid product. It was reasoned that such cell-to-cell variability in expression could be utilized to correlate DN-ErbB4 expression with TNCC positioning during ventral migration. In particular, it was expected that if ErbB signaling is necessary during ventral migration, then TNCCs expressing more DN-ErbB4 would be biased to remain more dorsally by 22 hr postelectroporation (HPE). In this manner, the correlation between the dorsoventral distribution of migrating TNCCs and their degree of DN-ErbB4 expression could be examined.
Here we compared the intensity of red immunolabeled DN-ErbB4 among five standard regions along the ventral migratory route (Fig. 7A ). Along with visual inspection, we quantified regional differences by computing an index (red intensity index [RII] ) that describes the red intensity of cells in each region relative to their green intensity, thus enabling direct region-to-region comparisons of red intensity (see Methods). Using this methodology, we found that the lowest normalized red intensity of TNCCs was in the most ventral region, lateral to the dorsal aorta ( Fig.  7B,C) . In order to better understand the accuracy of the above RII, we immunostained similarly electroporated embryos in the same manner, excluding only the primary antibody for DN-ErbB4 labeling. From these embryos, we obtained a normalized estimate of red background noise for each region and applied it as a correction factor to the above data. This adjustment suggests that the difference between the RII of the most ventral region (region 5) and that of more dorsal regions may be even more pronounced than the uncorrected data indicate (Fig. 7D ).
We also wanted to know if the magnitude of such regional differences in red intensity might at least exceed that when both secondary antibodies target the same primary antibody (Fig. 7E ). Therefore, some electroporated embryos were stained only with anti-GFP bi-labeled with red and green secondary antibodies. We observed that all regions had a relatively similar normalized red DEVELOPMENTAL DYNAMICS Fig. 6 . The ErbB inhibitor AG1478 delays the appearance of rostrocaudally migrating TNCCs lateral to the dorsal aorta. A: Cartoon of TNCCs (red) taking a ventral path and subsequently mixing by rostrocaudal migration (arrowhead) with TNCCs from other somites lateral to the dorsal aorta (DA). Lowest somite level with mixing counting caudal-to-rostral was measured as a proxy for timely morphogenesis. B,C: HH13-14 embryos treated for 22 hr at estimated yolk concentrations of 0.075 (AG-0.075) or 0.75 (AG-0.75) mM AG1478, or with matching DMSO levels. Mock embryos were inked only. B: Images at identical somite levels of representative HNK1-stained embryos with arrowheads depicting the lowest somite level with TNCC mixing. C: Average lowest somite level with TNCC mixing for each replicate date was plotted. Mixing was delayed by an average of almost two somite levels with 0.75 mM AG1478 compared to its DMSO control (DMSO-0.75; *P < 0.05, Ryan-Einot-Gabriel-Welsch F test). D: Confirmatory experiment using a higher estimated yolk concentration of AG1478 (10 mM), again delayed mixing (***P < 0.001; 1-tailed, unpaired t-test). r, rostral; c, caudal. Scale bars ¼ 100 mm. intensity (Fig. 7F ,G) compared to the red-labeled DN-ErbB4 embryos mentioned above, making findings with red-labeled DN-ErbB4 embryos seem less likely spurious. Collectively, similar to experiments with AG1478, our findings are consistent with the hypothesis that intact ErbB signaling is required for normal ventral TNCC migration.
We were also curious if DN-ErbB4 expression could continue to influence the distribution of TNCCs and derivatives later in development. To explore this, we used a largely similar approach to experimentation as described above, but incubated embryos further, for 48 HPE. Confocal imaging was used to assess three predefined TNCC-derived regions in vibratome sections (Fig. 8A ). By visual inspection and calculation of corrected and non-corrected RIIs, we observed that normalized red intensity was highest in the most dorsal region analyzed, indicates DN-ErbB4 expression may prevent more ventral localization of TNCC lineage cells ( Fig. 8B -G). By comparison, this difference in normalized red intensity among regions was much greater than the magnitude of difference in sections with bi-labeled anti-GFP ( Fig. 8H-L) .
Although a correlative study, if normalized red intensity adequately reflects regional differences in DN-erbB4 expression, then our findings suggest that ErbB signaling may have an effect on the migratory capabilities of TNCC lineage cells later in development. These findings were further corroborated with preliminary under-agarose assays. Here, electroporated TNCC were plated in close proximity to agarose containing NRG1, and cells were live-imaged to track their migration and velocity. We found that in the presence of NRG1, TNCC expressing DN-erbB4 velocity was reduced in 20% (54.56 6 23.1 mm/hr) of control GFPexpressing cells (67.03 6 25.5 mm/hr; t-test P < 0.0055).
Discussion
During development, cells reach their targets through the action of very precise and fine-tuned guidance mechanisms. Past research showed that NRG1 signaling from two of its receptors, erbB2 and erbB3, was critical to allow proper formation of the SG in mice (Britsch et al., 1998; Garratt et al., 2000) . Although there is some evidence that supports a chemoattractant role for NRG1 (Saito et al., 2012) , detailed in vitro has not been yet provided, nor has evidence of a chemokinetic role for NRG1. Here, we present data demonstrating for the first time that NRG1 is a chemoattractant and a chemokinetic molecule for ventrally migrating TNCCs. Using a variety of in vitro assays, we show that NRG1 can function as a chemoattractant and can also stimulate TNCC motility, thus distinguishing NRG1 chemokinetic effect from its positive directional guidance.
NRG1 Guides TNCC Migration In Vitro
Although it has been known that enteric NCCs are attracted to GDNF and Netrins within the gut (Young et al., 2001; Jiang et al., 2003) and that Shh is required for their migration from the vagal region to the anterior end of the intestine (Reichenbach et al., 2008), it was argued for several years that NCCs do not use chemoattractive or chemokinetic signals during migration. Arguments that have supported such a view were based on a few major premises. First, it was reasoned that NCCs may receive sufficient directional cues from repellents, contact inhibition of locomotion, permissive substrates, and molecules that stabilize polarity, and therefore chemoattractants are unnecessary for normal NCC migration Kuriyama and Mayor, 2008) . The reason behind this rejection was lack of supporting in vitro cell tracking data that could distinguish between a molecule's chemokinetic and chemoattractive effects. Second, it was also suggested that NCCs could not significantly rely on chemoattractants since they often migrate to and stop at different tissues, which often do not exist at the onset of delamination . However, recent studies on SDF-1 showed that NCCs are attracted to SDF-1, and that this attraction plays a crucial role in directing them toward dorsal aorta region Theveneau et al., 2010; Saito et al., 2012) .
DEVELOPMENTAL DYNAMICS
The first assay we employed was the widely used Boyden chamber (Boyden, 1962) . Boyden chamber assays have been extensively used to show migratory behavior in a wide variety of cells and neural crest derivatives (Yamauchi et al., 2003; Rothhammer et al., 2004; Yamauchi et al., 2008) , although they are more geared to demonstrate chemokinesis given that gradients are too steep and directionality cannot be assessed (Muinonen-Martin et al., 2010; Tweedy et al., 2016) . Nevertheless, testing NCC migration in Boyden chambers has been sparse. It was successfully used to show that melanocyte precursors avoid Ephrin-B ligands (Armisen et al., 2002) and that cranial crest may respond to serotonin (Moiseiwitsch and Lauder, 1995) . Here, we show for the first time that NRG1 enhanced the migration in isolated TNCCs compared with control; these results were specific since NGF did not elicit any change in migration. Results were further corroborated by culturing NTs directly on the inserts and counting delaminated TNCCs the next day.
A second approach to test the role of NRG1 in TNCC migration, and more specifically as a chemoattractant, consisted of an in vitro substrate-choice assay (Walter et al., 1987) . Stripe assays have been successfully used to test the chemorepulsion of NCCs: ephrinB family members (Krull et al., 1997; Wang and Anderson, 1997) , collapsin (Eickholt et al., 1999) , and Sema3F (Gammill et al., 2006) . Kikutani and coworkers also used it to show chemoattraction by Sema3C on cardiac NCCs (Toyofuku et al., 2008) . Here, we show for the first time that isolated TNCCs show a preference for substrates coated with NRG1, indicates NRG1 is a chemoattractant. As has been observed with ephrin ligands on growing retinal axons (Walter et al., 1987) , we found that TNCCs preferred to remain within NRG1-coated surfaces vs. moving toward an FN-coated surface, as Gammill and colleagues found for TNCC avoiding Sema3F (Gammill et al., 2006) . We validated these results by time-lapse imaging and cell-density comparisons of NRG1-coated ELISA substrates. The assay's strengths come from our live-imaging TNCCs from the beginning of their green intensity in the dorsal aspect of the developing DRG (region 1; arrow) compared to more ventrally (arrowheads). F: The most dorsal region (1) had the highest RII. G: Accuracy of red background noise measurements was estimated from five similarly treated sections (from five embryos) immunolabeled without a primary antibody targeting DN-erbB4 and used to adjust data from panel F. Similar though more pronounced trends were observed. H-L: EGFP was bi-labeled (red and green secondary antibodies; no DN-erbB4 labeling; n ¼ 6 embryos). H-K: Analogous images to panels B-E, but bi-labeled EGFP sections. Distribution of red and green was more even among the three regions vs. red-labeled DN-erbB4 sections. L: RIIs were much more uniform among regions vs. panels F and G. Images are identically scaled; dashed outlines depict analyzed regions. Graphs display means þ /-s.e.m. DA, dorsal aorta; Nc, notochord. Scale bar ¼ 50 mm. delamination and when encountering the border between NRG1 and control surface.
The third approach in looking at NRG1's role in TNCC migration was particularly relevant because cells were live-imaged during migration under an NRG1 gradient. Here, chemoattraction was clearly demonstrated by tracking the migratory path of TNCCs in modified Zigmond assays (Rovasio et al., 2012; Walheim et al., 2012) . In these assays, we observed a noticeable and statistically significant increase in the amount of NCCs that moved up an NRG1 gradient. Additionally, the average chemotaxis index of the same cells was significantly greater when an NRG1 gradient was present, further validating that NRG1 is a chemoattractant of TNCCs.
In summary, the combined in vitro results from our modified Zigmond chamber and ELISA assays show that NRG1 is a true chemoattractant of TNCCs. However, in all these experiments, there were always TNCCs that did not respond with positive migration toward NRG1. The most likely reason for this is that TNCCs are a molecularly heterogeneous cell population that will give rise to SG neuron, chromaffin cells, Schwann cells, etc. (George et al., 2010; Baggiolini et al., 2015) . This innate molecular heterogeneity among TNCCs means a greater variability in their receptor expression that poses a unique problem when assessing the response of all cells without the ability of knowing which ones express which receptor and at which levels (Gammill and Bronner-Fraser, 2003; Nelson et al., 2004) . Cells expressing higher levels of erbB receptor will respond more vigorously to an NRG1 gradient while others will not. In our Zigmond experiments, we tracked cells only in the periphery, which are more likely to have delaminated earlier than cells located closer to the center. Another factor is that NRG1 is not the only chemoattractive signal that TNCCs encounter during migration; earlydelaminating TNCCs uniquely express CXCR4 receptor and depend on it in order to reach the dorsal aorta, indicates that TNCCs need simultaneous signals to accurately reach their targets Saito et al., 2012) . Finally, new studies have shown that indeed some groups of migrating NCCs express different receptors and at different levels depending on their position along the migrating wave, underscoring our proposal that a group of these NCC will depend on NRG1 compared with others that may depend more on Sdf1 (McLennan et al., 2015a; McLennan et al., 2015b) .
NRG1 Role in Peripheral Ganglia Formation
Our in vivo and in vitro findings support a role for erbB signaling in enabling proper TNCC migration and DRG development/morphogenesis, and are consistent with the hypothesis that NRG1 enables proper ventral migration by acting as a TNCC chemoattractant and/or chemokinetic stimulant. We were able to confirm by blind analysis that the presence of rostrocaudally migrating TNCCs near the level of the dorsal aorta can be delayed by AG1478, an erbB inhibitor used successfully in vivo with fish NCCs (Budi et al., 2008; Honjo et al., 2008) . While such a delay is congruent with a chemoattractive and/or chemokinetic role for NRG1 in guiding ventral migration, it was still unclear if AG1478 was acting directly on ventrally migrating TNCCs or inhibiting TNCC morphogenesis more indirectly.
Our NT electroporation of DN-erbB4 receptor (used previously in chick) (Saito et al., 2012) before the peak of TNCC migration suggested that erbB signaling in TNCCs is important for timely ventral migration. These results are in agreement with those of Saito et al. (2012) , who provide evidence that chicken TNCCs are guided by NRG1 in reaching tissue lateral to the dorsal aorta, and also with those of Britsch et al. (1998) , involving mutant mice. Interestingly, however, our study with a longer incubation time (48 HPE) suggests a function for erbB4 signaling and TNCClineage positioning in the dorsal aspect of the DRG, indicates that NRG1 may play an indirect role in the "pausing" of migrating TNCC as DRG precursors in chicken, as it does in Zebrafish (Honjo et al., 2008) . However, in our experiments, we observed that cells with silenced erbB halted at the dorsal portion of the DRG, while Honjo and Eisen observed that their cells dispersed throughout the embryo (Honjo et al., 2008) . They proposed that it may be due to failure to receive signals, and thus generate DRG neurons. In our instance, TNCCs with reduced ErbB signaling for NRG1 slowed down (instead of accelerating) and paused at the DRG, while in Zebrafish TNCC lacking ErbB receptor scatter around from complete lack of ErbB signaling, so they are not attracted to dorsal aorta regions. Further support for our hypothesis comes from findings that show morphological differences in the cranial ganglia of ErbB4-deficient mice; these findings correlated with aberrant migration of a subpopulation of hindbrainderived cranial NCCs due to erbB4 signaling (Golding et al., 2000; Golding et al., 2004) . We would like to propose that these findings can be explained under the light of NRG1 as a chemokinetic/ chemoattractant molecule.
Chemoattraction vs. Chemokinesis
The most important finding from our study is the observation that NRG1 is a chemokinetic molecule for TNCCs. Chemokinesis is observed when a factor applied either symmetrically or asymmetrically stimulates cell migration but will not alter the direction of migration; chemotaxis is when a factor applied asymmetrically can alter the direction of cell migration (Petrie et al., 2009) . We analyzed the migratory behavior of TNCCs 1) in a modified Boyden chamber assay; 2) by time-lapse imaging in modified Zigmond chambers; and 3) in regular culture by homogenous-exposure recombinant NRG1. Our analyses show a significant differential response for NRG1 in NCC chemokinesis assays in 1 and 3, although none in 2. This is the first time that a molecule is shown to have a chemokinetic effect on TNCCs. Previous studies had shown that enteric NCCs will alter their velocity in response to GDNF (Young et al., 2001; Young et al., 2004) , and that cardiac NCCs are attracted and stimulated by FGF8 (Sato et al., 2011) . Studies on TNCCs had mostly focused on directionality responses or migratory behaviors; here, we looked at chemotactic and chemokinetic responses to NRG1. First, we showed that TNCC will migrate more vigorously in the presence of NRG1 compared with control or NGF in Boyden chambers. Second, our modified Boyden assay showed TNCC transmigration with homogenous NRG1 that was statistically indistinguishable from the increased transmigration observed with an NRG1 gradient. Third, homogenous NRG1 also stimulated the migration and velocity of TNCC. Our Zigmond chamber experiments did not show a change in TNCC velocity in presence vs. absence of NRG1. This phenomenon is probably due to the short life span of molecular gradients in Zigmond chambers, and because Zigmond assays are 2-D compared with our chemokinesis assays or in vivo embryo experiments, that present molecules in a more 3-D fashion (Breckenridge et al., 2010) .
Conclusions
Taken altogether, we found that NRG1 can direct TNCC migration as a chemoattractant and chemokinetic molecule. Both mechanisms are consistent with the effects of erbB inhibition on DRG morphogenesis, and as such may comprise a foundational means by which NRG1 promotes early peripheral nervous system development.
Experimental Procedures
Unless otherwise mentioned: NRG1a (200 ng/ml) and NRG1b (20 ng/ml) refer to NRG1 EGF-like domains from R&D Systems (Minneapolis, MN; #296-HR-050 and #396-HB-050/CF, respectively). FN was 10 mg/ml. A Zeiss Axiovert 35M was used for nonfluorescence imaging; a Zeiss Axio Imager A1 was used for fluorescence imaging. Magnification refers to the objective lens used. AxioVision (Zeiss) was used for digital imaging and analysis. HNK1 was mouse IgM from cell-conditioned medium Developmental Studies Hybridoma Bank (DSHB 1C10) kindly given by Dr. Marianne Bronner. Buffer solutions were self-prepared. Ringer's refers to chick Ringer's. Phosphate-buffered saline (PBS) was calcium-and magnesium-free. Fixation was with 4% paraformaldehyde. Culturing was at 378C in 5% CO 2 . Suppliers are located in the United States. Life Technologies and Invitrogen are in Carlsbad, CA. Thermo Fisher is in Waltham, MA. Zeiss is in Jena, Thuringia, Germany.
Animals
Chicken refers to Gallus gallus; quail refers to Coturnix coturnix (McIntyre Poultry, Lakeside, CA, and AA Laboratories, Westminster, CA). All animal protocols were approved by CSUN's IACUC committee.
General Immunofluorescence
Specimens were fixed; washed extensively; blocked in PBST-1% (PBS tween 1%) with 10% goat serum (Lampire, Pipersville, PA), and 0.1% sodium azide; incubated with primary antibodies in PBS with 0.5% Triton X-100 at 48C; washed extensively; incubated with Alexa Fluor secondary antibodies (Life Technologies) in PBST-0.5%; washed; stained with DAPI; then further washed. Washes were in PBS or PBS with 1% Triton X-100.
General Statistics
Inferential testing was two-tailed. Data was graphically explored to examine appropriateness of inferential testing used. Excel (Microsoft) and/or SPSS (IBM) were used for data analysis.
TNCC-enriched Cultures From Trunk NT Explants
Cultures were prepared roughly following techniques previously described (Bronner-Fraser* and Garc ıa-Castro, 2008; Walheim et al., 2012) . Chicken eggs were incubated to HH13-17. Embryos were extracted from their yolks into autoclaved Ringer's where extra-truncal embryonic tissue was removed. Remaining tissue was incubated at 378C in 5% CO 2 in DMEM-diluted Dispase (0.24 U/ml) (Roche [Indianapolis, IN] and Cell Systems [Kirkland, WA]) generally for 75-90 min, then placed in L15 for isolation of the NT with fine tools (at times with small amounts of non-NT tissue remaining attached). NTs were cut into segments 1-4 somites long and cultured overnight on a FN-coated surface in DMEM, L-glutamine (1.8-2 mM), and antibiotics (penicillin G [90-100 U/ml], streptomycin [90-100 mg/ml]) (all Omega Scientific, Tarzana, CA), and 8%-10% FBS (primarily from Omega Scientific or Life Technologies) to allow for TNCC emigration and halo formation around the NT. In general, cells within resultant TNCC-enriched cultures that exhibited mesenchymal morphology and were not part of the NT were considered TNCCs.
Boyden Assays
Standard Boyden assay: TNCC isolation involved culturing HH15-16 NTs overnight, removing NTs, gently lifting TNCCs by replacing media with DMEM/20mM EDTA for 30 min, and then adding trypsin (2 min). TNCCs were washed twice in DMEM and plated on the FN-coated 8.0-mm pore inserts (120,000 cells/well) of Boyden chambers (BD, Franklin Lakes, NJ) containing DMEM. Treatment molecules were added to the bottom compartment. After 5-hr incubation, cells remaining on the filter's top side were removed by scrubbing with a cotton swab. Cells on the bottom were fixed, stained with Toluidine Blue, and counted. Other proteins were also evaluated at times using the same controls, but not described.
Boyden assay with primary NT explants: Chambers were loaded with Opti-MEM I (Life Technologies) containing antibiotics. For each replicate experiment, NT segments from more than five embryos were evenly distributed among three differently treated chambers. HNK1 was labeled with an Alexa 488 (#A21042). PermaFluor (Thermo Fisher) was used to prevent desiccation while imaging. Explants with sufficient TNCC emigration were imaged at 20X with the top side of the membrane in focus, then with the bottom side in focus in the same horizontal location. Density counts were from two 100-mm-diameter sample areas with nearest edge 50 mm from the NT on top-bottom image pairs. Total HNK1-positive counts fewer than 15 from an image pair were excluded from analysis a priori. HNK1-positive and HNK1-negative cells were tallied from identical areas, with the rare exception of the exclusion criteria just mentioned. All analyses of imaging were performed blind until statistical analysis. We hypothesized that NRG1 was uniquely a chemoattractant and therefore decided a priori on a one-tailed test. Dunnett's test used the -/ þ treatment as the reference group.
Chemokinesis of NCC with NRG1
Chicken embryos (HH13-14) had their trunk NTs removed after 15-min Dispase treatment (0.25X Dispase). The neural tubes were cultured for 18 hr in complete media (containing 10% FBS) on FN-coated 2-well cover glass chamber slides (Nunc). The next day, culture media was changed to DMEM with 2.5% FBS for 2 hr. After this priming time at lower FBS, culture media was changed to Live Cell Imaging (Thermo Fisher), with 2.5% FBS and 200 ng NRGa1 for 1 hr. Live trunk NCCs were filmed for 5 hr. For control cultures, NCCs were similarly treated by changing media to DMEM in 2.5% FBS culture media for 2 hr and filmed in 2.5% FBS in Live Cell Imaging Solution.
Modified Zigmond Chamber Assay
Experimentation broadly followed a previously described protocol (Walheim et al., 2012) . NT explants were 15 somites long or less, from separate embryos, and cultured on separate coverslips. Generally, at least two different treatments were filmed the following day. Prior to filming, most NT tissue and culture medium was removed and each coverslip was mounted to a chamber using petroleum jelly with the straightest culture border perpendicular to the anticipated gradient. Reservoirs were loaded with serum-free culture medium, plugged with petroleum jelly (often trapping some air around the reservoir hole), incubated for 0.5-1.5 hr, and then filmed for 3 hr (90-sec time-lapse intervals; 5X objective) at 378C using a stage incubator made in-house. Cells along the culture border perpendicular to the gradient and > 360 mm from the bridge edge were tracked using ImageJ Manual Tracking (https://imagej.nih.gov/ij/plugins/track/track. html). A decision to exclude cells near the bridge edge was made during data analysis to prevent potential variability from an edge effect. Movies were monitored for stage drift, and when present, standardized corrections were applied to tracking data. Two -/chambers had an air pocket on the bridge but, by definition, lacked a gradient that could be disturbed by the air pocket and were thus included in our analysis. Data analysis also used ImageJ Chemotaxis and Migration Tool plugin (https://ibidi.com/ chemotaxis-image-analysis/171-chemotaxis-and-migration-tool. html). Four movies were made concurrently trialing the TNCC response to another factor, but not shown. Sequential testing was performed by ANOVA during data collection without multiple testing adjustments. The chemotaxis index was calculated by multiplying 100 by net cell displacement along the gradient axis, divided by total distance migrated; persistence index was calculated by dividing net displacement by total distance migrated .
Immobilized Substrate Choice Assays
A 0.75-ml droplet of NRG1a or filter-sterilized BSA (Thermo Fisher; #BP-1600-100) (200 ng/ml in PBS) was added to each Immulon 4 ELISA well (Dynatech Laboratories, Chantilly, VA). Droplet borders were imaged and placed at 48C overnight in a humidified chamber. Wells were rinsed with PBS and loaded with 2.5% or 5% FBS culture medium. For experiments with secondary coats, entire wells were coated in FN (0.2 or 1 mg/ml) or BSA (200 ng/ml) for 1 hr prior to adding 2.5% FBS culture medium. NT explants cultured overnight were fixed, stained with Gill's Hematoxylin (Thermo Fisher), and imaged, and coat borders from droplets were mapped using reference markings. Density was sampled with nonoverlapping pairs of 100-mm-diameter circles (one circle per pair just inside the coat border, and one circle immediately outside the coat in the same region). Only regions with cell density low enough to count, at least one cell near the border, and coat borders roughly parallel to the NT edge were sampled. For quantitation, we sampled TNCC density along the outside of the coat border and normalized it to cell density along the inside as a reflection of preference for the coated region. Average cell counts from at least two circle-pairs sampling a single well were considered replicates (decided during analysis). Data for different treatments were often from different experimental dates, though methodology was the same. Two BSA wells treated with 5% FBS were from the same experimental date; 20 embryos were dissected this day with multiple NT segments allocated across 12 wells, making the tissue cultured in both wells unlikely to be identical. Only 5% FBS experiments were inferentially tested. For plotting and ANCOVA, outside count replicates were square-root transformed ([x þ 0.5] 1/2 ).
For live-imaging preparation, the well was left to dry for 1.5 hr after imaging droplet borders, then placed at 48C overnight and treated as above. Time-lapse imaging was at 10X with 90-sec intervals. Cells that could be accurately tracked only for very short periods were excluded. TNCCs were selected without trajectory bias at various time points during the movie and tracked until no longer reliably possible. After TNCCs had uniformly attached, 2 hr after plating in medium with FN, culture medium was added.
Stripe Assay
The stripe assay was performed as previously described for a Schwann cell precursor line (Cornejo et al., 2010) . Briefly, microchips for patterning proteins were prepared by the Caltech Microfluidic Foundry (https://www.kni.caltech.edu/news/microfluidic_ foundry). Isolated TNCCs were resuspended in FN and plated at 70%-80% confluence on microchips coated with treatment molecules for 2 hr. Then the culture dish housing the microchip was filled with culture medium and incubated for 3 hr. After phasecontrast imaging, cultures were further incubated for either 4 or 12 hr, then fixed and stained with Toluidine Blue.
In Ovo Experiments
Chicken embryos were incubated to HH13-14 (determined by removing a portion of albumin, then windowing and inking), treated, incubated at 37-388C after sealing shells with tape, fixed overnight at 48C, washed, and isolated from their extraembryonic membranes by microdissection.
Whole-mount Immunohistochemistry
Blocking was for multiple days. Embryos were incubated in antibodies overnight. Steps of longer duration were performed mostly at 48C. Secondary were 1:2000; stocks were glycerol-stored. Mouse anti-c-erbB-4 IgG1 (Thermo Scientific; #MS270P0) was 1:250; rabbit anti-GFP IgG (Life Technologies; #A-11122) (glycerol-stored) was 1:500.
AG1478 Injections
Yolks were injected with 0.3 ml of treatment (El-Ghali et al., 2010) containing AG1478 (Enzo Clinical Labs, Farmingdale, NY; #ALX-270-036-M001). Estimates of intrayolk concentration assumed treatment remained entirely within a 16-ml yolk (actual distribution cannot be certain). Blocking contained FBS (not goat serum). HNK1 was labeled with Rhodamine Red-X antimouse IgM (Jackson ImmunoResearch Lab, West Grove, PA; #115-295-075) (glycerol-stored stock was 0.5 mg/ml and applied at 1:500). Images were 4X.
AG1478 was dissolved in dimethyl sulfoxide (DMSO) to 1 mM, then diluted in Ringer's to 4 or 40 mM. HNK1 was 1:5. On one replicate date, blocking was two days at room temperature, HNK1 was 1:10 in PBS, and the secondary was an Alexa 488 antimouse IgM (Invitrogen; #A-21042) (no glycerol) at 1:1000 in PBS. In 5/60 embryos, where the precise level of TNCC mixing was unclear among two or three different somite levels, an average of the different levels was used for that embryo.
AG1478 was dissolved in DMSO to 15.83 mM and diluted to 533 mM with Ringer's and DMSO to yield a 4% DMSO solution.
HNK1 was 1:4. To limit variability, TNCC mixing was counted only if spanning two consecutive somites. Measurements from both blinded researchers were averaged. A 1-tailed test was chosen based on results from exploratory experiments. 
DEVELOPMENTAL DYNAMICS
NT Electroporations
A plasmid mix was injected into the caudal neuropore via pulled capillary. The mix contained pcDNA3-EGFP (a kind gift from Dr. Doug Golenbock [Addgene; #13031]) (2.5 mg/ml), pcDNA3-DNerbB4 (Rio et al., 1997) (2.5 mg/ml for 22-HPE embryos; 5 mg/ ml for 48-HPE embryos), and 0.025% Fast Green diluted in 10 mM pH 8 Tris HCl and Ringer's. The electroporator (made inhouse at Cal Tech) was set to 18 V, five pulses (50 msec on; 100 msec off), with electrodes flanking the NT.
Analysis of Embryos Incubated 22 HPE
For red-labeled DN-erbB4 embryos, whole-mount immunostaining was with anti-c-erbB-4 and anti-GFP labeled with a 594 F(ab')2 fragment of anti-mouse IgG (#A-11020) and 488 antirabbit IgG (#A-11034) secondary, respectively. For bi-labeled anti-GFP embryos, 594 anti-rabbit (#A11037) and 488 antirabbit (#A-11034) were used; anti-c-erbB-4 was not used. Whole-mount HNK1 (1:4) immunofluorescence staining was subsequently performed on all embryos but with blocking overnight only, a 647 anti-mouse IgM (#A-21238) for visualization, and final storage in 2% PFA at 48C. For each embryo, the trunk segment with the most abundant ventral migration of EGFPexpressing TNCCs was excised, embedded in 4% agarose, and vibratome-sectioned at 50-mm thickness. Sections were mounted on slides with PermaFluor and #1.5 coverslips. Occasionally, electroporation caused poor development of a limb bud or a mild axial bend. Such embryos were included if the excised segment appeared normal.
The best-quality section from each embryo was selected for imaging without consideration of red staining. Exposure time was often adjusted to match section fluorescence intensity. EGFP expression was outlined manually on AxioVision for each region without consideration of red staining; mean red and green intensities were from such outlines. To limit background noise, mean intensities from outlines within analogous regions on the nonelectroporated, contralateral side were subtracted. Remaining total signal in each region was then converted to a percentage of the total signal found in all five regions for normalization (total signal in all five regions was the sum of absolute values of signal in each region after background subtraction). Normalized red signal in each region was then divided by the sum of the absolute values of normalized green signal and normalized red signal for that region to obtain the RII. For assessment of red background measurement error using sections without anti-c-erbB-4 staining, any positive or negative signal after background subtraction for a region as described above was considered possible error from background noise subtraction. This value was normalized to background intensity in region 5 of the same section yielding a correction factor. Correction factors were multiplied by the mean background intensity of region 5 of each anti-c-erbB-4-stained section and the total area outlined in the region of interest. The resultant value was then subtracted from the region's previously measured, uncorrected signal. Remaining total signal was then used to calculate an RII as described above for uncorrected data.
Analysis of Embryos Incubated 48 HPE
For each excised trunk, 100-mm vibratome sections were divided into three wells, each well receiving one of the three antibody treatments described for 22-HPE embryos except (notably) with generally shorter incubation times; anti-GFP was 1:1000, and HNK1 was 1:100. Sections were also similarly mounted and selected for imaging. Z-stacks were with a TCS SP5 II confocal at 20X with LAS AF software (Leica Microsystems, Wetzlar, Hesse, Germany) using sequential scans and photomultiplier tube (PMTs) set to reduce cross talk among the four signals. With ImageJ (NIH), borders were drawn using predefined anatomic criteria and HNK1 staining. A blind observer determined signal/background thresholds independently for DRG and SG regions due to regional background differences. Green intensity was all pixels above the determined threshold. Red signal was all areas > 8.6 mm 2 colocalized with green signal and above threshold. Contralateral mean intensity below threshold was subtracted from mean signal intensity as background. A common background measurement was used for both regions within the DRG. Similar to 22-HPE embryos, total signal of each region was normalized to total signal found in all three regions with subsequent RII computation. Background error corrections were also analogously derived using red background intensity from region 3 for normalization.
RT-PCR Analysis
One mg of total RNA was used in RT-PCR experiment using specific primers (see Table 1 ). Amplification was done over 35 cycles (95 8C 5 min, 94 8C 30 sec, 58 8C 30 sec, 72 8C 1 min) for RT-PCR (Eppendorf Mastercycler gradient).
Culturing NTs on Agarose Drop Dish
A 0.5% agarose was heated to 40-45 8C and kept on hot plate until ready to place at the center of dish. Agarose was plated in the center (9 uL drop), when NRG1 was included we quickly added 1 uL NRG (200 ng/uL) to that drop in the center before the agarose solidified. The dish was stored in a refrigerator for 20-30 min before starting to add neural tubes. Fibronectin was added to the dish for at least 60 min by pipetting FN drop-wise bordering the agarose drop. Neural tubes were transfered next to agarose drop carefully and incubated for a minimum of 30 min to 1 hr before adding culture media (2mL 2.5% FBS media, 1ml at a time). These cultures were incubated overnight and filmed next day.
